To investigate whether addition of three different doses of liraglutide to insulin in patients with type 1 diabetes (T1D) results in significant reduction in glycemia, body weight, and insulin dose.
self-monitoring of blood glucose (BG) and improved methods of insulin delivery like insulin pens and continuous subcutaneous insulin infusion (CSII) of insulin through insulin pumps. Recent observations suggest that the addition of liraglutide to insulin improves glycemic control significantly (2, 3) , as reflected in the reduction of mean glucose concentrations, glycemic excursions, and HbA 1c . In the first study, the patients already had well-controlled diabetes (2) , while the second included those whose diabetes was poorly controlled and who were obese or overweight (3) . In both studies, the reduction of HbA 1c was ;0.5% over a period of 6 months. The changes in glycemic control and the reduction in glycemic variability occurred within the first few days of the institution of liraglutide treatment, as observed with continuous glucose monitoring in the first study (2, 3) . These retrospective studies also demonstrated the effects of liraglutide on weight loss (2, 3) and the lowering of systolic blood pressure (SBP) in obese or overweight (3) . The third study was prospectively randomized and demonstrated a reduction in BG concentrations and HbA 1c over a period of just 4 weeks (4). Nonrandomized studies from other groups have also confirmed similar clinical and metabolic benefits of glucagonlike peptide 1 (GLP-1) receptor agonists in T1D (4) (5) (6) (7) .
Based on our previous studies, we have now conducted a prospectively randomized study in patients with T1D investigating the effects of three different doses of liraglutide, using a continuous glucose-monitoring system (CGMS). This trial also investigated the comparative effects of three doses of liraglutide and placebo. We hypothesized that treatment with liraglutide in T1D would decrease overall mean glucose, fasting and postprandial glucose concentrations, and postprandial glucagon and increase postprandial C-peptide concentrations. In addition, we also investigated the effects of liraglutide on SBP, insulin requirements, carbohydrate intake, body weight, and plasma CRP concentrations.
RESEARCH DESIGN AND METHODS
This study is a single-center randomized, placebo-controlled, parallel-group, and double-blind phase IV study conducted from November 2012 to April 2014 at the Diabetes and Endocrinology Center of Western New York at University at Buffalo. The local institutional review board approved the study protocol. All patients provided written informed consent.
Patients were eligible for enrollment in the trial if they were adults 18-75 years of age with T1D, had fasting C-peptide ,0.1 nmol/L, were on insulin therapy (via CSII [also known as insulin pump]) or multiple (four or more) injections of insulin per day for .12 months with or without a history of diabetic ketoacidosis, had HbA 1c of #8.5% (69 mmol/mol), and were well versed with carbohydrate counting. Exclusion criteria were T1D for ,12 months; coronary event or procedure (myocardial infarction, unstable angina, coronary artery bypass, surgery, or coronary angioplasty) in the previous 3 months; hepatic disease (transaminase .3 times normal) or cirrhosis; renal impairment (serum creatinine .1.5 mg/dL); HIV or hepatitis C-positive status; any other life-threatening, noncardiac disease; history of pancreatitis; history of gastroparesis; history of medullary thyroid carcinoma or multiple endocrine neoplasia type 2 (MEN 2) syndrome; family history of MEN 2, medullary thyroid cancer, or familial medullary thyroid cancer; pregnancy or of childbearing potential without use of adequate contraception; participation in any other concurrent clinical trial; use of an investigational agent or therapeutic regimen within 30 days of study; and inability to give informed consent.
Subjects who met the inclusion and exclusion criteria were block randomized to receive subcutaneous injection daily of liraglutide 0.6 mg (18 subjects), 1.2 mg (18 subjects), or 1.8 mg (18 subjects) or placebo (18 subjects) for 12 weeks. The subjects, study coordinators and investigators who were involved in adjusting insulin and liraglutide doses were blinded to the treatment. Liraglutide and placebo administered via a pen kit (obtained from Novo Nordisk Pharmaceuticals) were indistinguishable from each other. The effects of 0.6 mg liraglutide were investigated, as our first retrospective study suggested that this dose when given in 14 patients with T1D (mean BMI 24 kg/m 2 , HbA 1c of 6.6%) for 1 week significantly improved glycemia, with reduced insulin doses within 24 and 48 h with reduction in glycemic variability by ;50% with only 0.5 kg weight loss (2) . It thus suggested that this might benefit normal-weight patients with T1D and those who may not tolerate higher doses of the drug.
All subjects were instructed by the study staff and certified diabetes educator in the dosing and administration of the study medication. They were seen by a registered dietitian who ensured that they are well versed with their carbohydrate counting. They were advised to monitor their capillary BG by fingerstick before and 2 h after each meal and to wear their CGMS constantly for 12 weeks. Meal challenge studies were carried out at baseline and at the end of the study. All patients were started on 0.6 mg of study drug per day to minimize side effects, with subsequent titration to 1.2 and 1.8 mg on a weekly basis until they reached the maximal tolerated or target dose. Prior to the initiation of liraglutide, if the HbA 1c was $7.5% (58 mmol/mol), then no reductions were made in dose of insulin, while if the HbA 1c ranged from 7 to 7.5% (53 to 58 mmol/mol) and was #7% (53 mmol/mol) then the basal and preprandial insulin doses were reduced by 10% and 25%, respectively. Patients were seen every week for the first 4 weeks after the initiation of study drug and then every 2 weeks until the completion of the study. Insulin doses were titrated during study visits based on finger-stick BG and CGMS to attain preprandial BG concentrations between 4.9 and 6.6 mmol/L (90 and 120 mg/dL) and 2-h postprandial ,7.7 mmol/L (140 mg/dL).
Medication adherence was evaluated by counting used pens. All patients were blinded to their CGMS (Dexcom SEVEN PLUS) including the patients who were already using unblinded CGMS, as CGMS use alone has been shown to improve glycemic control (8) . All patients were provided sufficient training with CGMS use during the trial period including troubleshooting support. All patients were allowed to see the CGMS reports at the end of their visits.
Average weekly glucose, fasting glucose, SD, and percent time spent in different glycemic thresholds were obtained from CGMS. Insulin doses, carbohydrate intake (in grams), and carbohydrate helpings (frequency of eating) were obtained from insulin pump and patient food/ insulin dose/BG diaries for patients on CSII and multiple daily injections (MDI), respectively. These parameters were measured every week, while blood pressure (average of three readings) was measured manually in the fasting state after 10 min in the sitting position at study visits. SD in CGMS represents the variability of BG concentrations. All patients were instructed to document total carbohydrate intake including correctional carbohydrates during hypoglycemia. The carbohydrate helpings per day were calculated from number of carbohydrate entries from the insulin pump for patients on insulin pump and from the food/insulin dose/BG log for patients on MDI. The weekly average carbohydrate intake in grams and frequency were estimated every week over a period of 12 weeks.
The primary end point of the study was the difference from baseline in mean weekly BG concentrations before and after 12 
Meal Challenge Test and Plasma Measurements

Meal Challenge Test
In order to assess the postprandial changes induced by liraglutide, a meal challenge was carried out before starting liraglutide or placebo and at the end of the study period on days 0 and 84. We used a 910-cal; high-fat, high-carbohydrate meal, which we have used previously (9) (10) (11) . The ingestion of the meal was completed in 15 min. Insulin bolus was injected subcutaneously immediately before the meal based on the insulin-to-carbohydrate ratio and correction factor for each individual subject. Study subjects continued to receive their basal insulin (unchanged basal rates for patients on CSII or longacting insulin at their usual time for patients on MDI). Liraglutide was omitted on day 0 but was injected on day 84 (45 min prior to the meal). Sequential blood samples were obtained at 0, 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, and 300 min. Blood sample was collected from an indwelling intravenous cannula in a superficial forearm vein.
Plasma Measurements
HbA 1c was measured at Quest Diagnostics by immunoturbidimetric assay. ELISAs were used to measure total GLP-1, gastrointestinal polypeptide (GIP) (EMD Millipore, Billerica, MA), and glucagon (R&D Systems, Minneapolis, MN). CRP was measured using ELISA assay (American Diagnostica, Inc., Stamford, CT). Free fatty acid (FFA) levels were measured by a colorimetric assay (Wako Chemicals, Richmond, VA).
Statistical Methods
There are no previous randomized studies that have examined the effect of liraglutide on mean weekly BG concentrations in subjects with T1D. With a conservative estimate of a difference in mean weekly BG concentrations of 20 mg/dL before and after treatment with liraglutide (clinically significant difference based on our preliminary study [2] ), a sample size of 15 patients per treatment group should provide adequate power (b = 0.2) to detect a significant difference (a = 0.05), provided the SD of the residuals is not .25. Thus, 60 subjects will be needed for the study. Sample size was increased by 20% to 72 to compensate for potential dropout.
Data are presented as mean 6 SEM. Final analysis was done based on the intention-to-treat principle. One-way ANOVA was used to compare baseline characteristics (Table 1 ) of all four groups (three liraglutide groups and one placebo group). Student t test was used to compare the change in mean weekly BG concentrations, HbA 1c , percent time spent in different glycemic thresholds, insulin doses, body weight, BMI, carbohydrate intake, and blood pressure in liraglutide groups compared with placebo. ANOVA was used to compare changes in postprandial glucose and glucagon between groups. Student t test was used to compare changes in area under the curve (AUC) in postprandial glucose and glucagon in liraglutide groups compared with placebo. x 2 test was used to test difference in proportions and frequency of gastrointestinal adverse events and hypoglycemic episodes. Changes in these end points were calculated by averaging the differences in weekly average values from baseline. Pearson correlation was used to test relationships among variables. All end points were normally distributed. A P value of ,0.05 was considered significant. SPSS software (SPSS, Chicago, IL) was used for analysis.
RESULTS
Sixty-three subjects of the 72 randomized patients completed the study (12.5% dropout rate) (Fig. 1) . These patients were recruited between 2 November 2012 and 5 January 2014, with follow-up until April 2014. Baseline characteristics of study subjects are presented in Table 1 . All the groups had similar age, BMI, and glycemic control. The total and basal insulin doses were higher in the 1.2-mg liraglutide group by 23-25 units compared with the placebo and 1.8-mg liraglutide groups (P , 0.05 for both). All patients had a history of at least one episode of diabetic ketoacidosis. Approximately 80% and 20% of randomized patients were on CSII with insulin pumps and MDI, respectively (Fig. 1) .
Effect of Liraglutide on Glycemic Control
In the 1.2-mg and 1.8-mg groups, the mean weekly reduction in average BG concentrations (primary end point) was 20.55 6 0.11 mmol/L (10 6 2 mg/dL) and 20.55 6 0.05 mmol/L (10 6 1 mg/dL), respectively (P , 0.0001), while it remained unchanged in the 0.6-mg and placebo groups ( Table 2 ). The change in average glucose was 20.01 6 0.11 (P = 0.51) and 0.04 6 0 mmol/L in the 0.6-mg and placebo groups, respectively.
HbA 1c fell by 0.78 6 0.15% (28.5 6 1.6 mmol/mol) in the 1.2-mg group (from 7.84 6 0.17% [62 6 2 mmol/mol] to 7.06 6 0.15% [54 6 1.6 mmol/mol]; P , 0.0001) and by 0.42 6 15% (4.6 6 1.6 mmol/mol) in the 1.8-mg group (from 7.41 6 0.15% [57 6 1.6 mmol/mol] to 6.99 6 0.15% [53 6 1.6 mmol/mol]; P = 0.001). HbA 1c fell by 0.26 6 0.17% (2.8 6 1.9 mmol/mol; P = 0.81) in the 0.6-mg group and by 0.3 6 0.15% (3.3 6 1.6 mmol/mol) in the placebo group. Only the decline in the 1.2-mg group was statistically significant compared with placebo ( Table 2 ). The change in HbA 1c was related to baseline HbA 1c in the 1.2-mg and 1.8-mg groups (r = 0.55, P = 0.052, for 1.2 mg, and r = 0.56, P = 0.03, for 1.8 mg) but not to change in BMI (r = 0.26, P = 0.39, for 1.2 mg, and r = 0.31, P = 0.27, for 1.8 mg). Basal and bolus insulin doses fell in both 1.2-mg and 1.8-mg groups. Change in HbA 1c was related to change in bolus (r = 0.50, P = 0.008) and total insulin doses (r = 0.52, P = 0.005). Change in HbA 1c was not related to sex. The glycemic variability (SD of CGM readings) fell by 0.23 6 0.04 mmol/L (4 6 1 mg/dL) (P , 0.01) in the 1.2-mg group, while it remained unchanged in other liraglutide and placebo groups. Percent time spent in hyperglycemia (8.8-13.3 mmol/L, i.e., 160-240 mg/dL) decreased in both the 1.2-and 1.8-mg groups by 3-4% (P , 0.001 for both). Percent time spent in hyperglycemia (13.3-22.25 mmol/L, i.e., 240-400 mg/dL) decreased by 2% (P , 0.05) and 3% (P , 0.001), respectively, in the 1.2-mg and 1.8-mg liraglutide groups. Percent time spent in glycemic threshold (3.8-8.8 mmol/L, i.e., 70-160 mg/dL) increased by 1% (P , 0.05) in the 0.6-mg group and by ;5% (P , 0.001) in the 1.8-mg group. Percent time spent in different glycemic thresholds was unchanged in the placebo group. All liraglutide groups had #1% increase in time spent in hypoglycemia (,3.8 mmol/L, i.e., 70 mg/dL, and ,3.05 mmol/L, i.e., 55 mg/dL), equivalent to 10 min to 2 h per week. The incidence of hypoglycemia based on self-monitoring of blood glucose (SMBG) readings was essentially unchanged. There was no severe hypoglycemic episode requiring hospitalization or urgent medical attention in the placebo or liraglutide-treated groups. There were no changes in C-peptide concentrations in any groups.
Effect of Liraglutide on Carbohydrate Intake and Body Weight
The total daily carbohydrate intake fell by 30% (;47 g) in the 1.2-mg and 1.8-mg groups. This effect occurred within the first week (decrease by 34 g in both groups) and continued to the end of the study. The frequency of carbohydrate helpings was reduced in the 1.2-mg and 1.8-mg groups from 3.5 6 0.3 to 2.6 6 0.3 meals per day, P , 0.001, and from 3.3 6 0.3 to 2.9 6 0.3, P , 0.01, respectively.
Mean body weight in the 1.2-mg and 1.8-mg groups fell by 5 6 1 kg (96 6 4 kg to 91 6 4 kg and 83 6 4 kg to 78 6 5 kg, respectively, P , 0.001 for both). The reduction in body weight was most impressive (3.63 kg in the 1.2-mg group and 2.27 kg in the 1.8-mg group) in the first 2 weeks after the initiation of liraglutide treatment. There was a further fall of 1.37 kg in the 1.2-mg and 2.53 kg in the 1.8-mg groups thereafter over 10 weeks. In the 0.6-mg group, there was a reduction in mean body weight by 3 kg (80 6 4 to 77 6 4 kg, P = 0.006). Of subjects treated with liraglutide, 89% lost weight. There was no weight loss in the placebo group.
Effect of Liraglutide on Blood Pressure, FFAs, and CRP
There was a fall in SBP by 3 6 1 mmHg (P , 0.05) in the 1.8-mg group only. The change in blood pressure was unrelated to weight loss (r = 0.247, P = 0.376). Fasting plasma FFA fell significantly in the 1.8-mg group from 0.55 6 0.07 to 0.45 6 0.05 mmol/L (P , 0.05) ( Tables 1 and 2) . CRP concentrations fell significantly by 15 6 6% (from 3.01 6 0.92 to 2.53 6 0.83 g/L, P , 0.05) in the liraglutide 1.2-mg group and by 19 6 8% (from 3.53 6 0.67 to 2.57 6 0.52 g/L, P , 0.05) in the liraglutide 1.8-mg group (Tables 1  and 2) , with no changes in other groups.
Effect of Liraglutide on Glucose and Glucagon Excursion After a Mixed Meal
The increase in plasma glucagon concentrations after a high-fat, high-carbohydrate Data are means 6 SEM unless otherwise indicated. DBP, diastolic blood pressure. *P , 0.05 for change compared with baseline within group (paired t test). ¶x 2 test for comparison. †Two normotensive subjects in 1.8-mg group taking ACE inhibitors for renal protection had to stop or reduce the dose of the drugs because of a fall in SBP to ,100 mmHg. Two known hypertensive subjects in this group also had the doses of ACE inhibitor and b-blocker reduced because of a fall in SBP. In the 0.6-mg group, in one normotensive patient the dose of valsartan was reduced to 160 mg from 320 mg at day 56 and to 80 mg at day 70 owing to fall in SBP from 112 to 100 mmHg. meal was reduced in patients taking 1.2 mg and 1.8 mg liraglutide ( Fig. 2A and Supplementary Fig. 1A ) at 12 weeks: the AUC of glucagon was lowered by 47 6 12% and 72 6 12% in the 1.2 mg and 1.8 mg groups, respectively, and thus was dose dependent (P , 0.05 for both compared with baseline) (Fig. 2B and Supplementary  Fig. 1A ). This was associated with lower glucose excursion by 21 6 8% at 12 weeks in the 1.8-mg liraglutide group (AUC from 67 6 5 to 52 6 5 g * 5 h * dL
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, P = 0.017) (Fig. 2C and D and Supplementary Fig. 1B) , which was also significantly lower compared with change in the placebo group (Fig. 2D ).
Adverse Effects
The cumulative incidence of nausea was 65% (35 of 54) (P = 0.001) in the liraglutide groups vs. 17% (3 of 18) in placebo. Eleven patients in the 0.6-mg group; 10 in the 1.2-mg group, 9 in the 1.8-mg group, and 3 in the placebo group complained of transient nausea. Self-reported moderate nausea was reported for the first 2-5 days after the initiation of liraglutide and then for another 2-4 days at the time of escalation of the dose. These patients reported having either mild nausea or intermittent nausea during the remaining study duration. The dropout rate resulting from nausea was 9% (5 of 54) in all liraglutide groups, and the breakdown in each group is shown in Fig. 1 (Trial profile) . One patient in the 1.2-mg group had to drop out owing to both nausea and diarrhea for 1 week. One patient each in the placebo and 0.6-mg groups reported one episode of vomiting, while two patients in 1.2-mg and 1.8-mg group reported two episodes of vomiting. Of 16 patients in the 1.2-mg group, 6 (37.5%) reported appetite suppression vs. 8 of 16 (50%) patients in the 1.8-mg group and none in the placebo group.
CONCLUSIONS
Our data show that after liraglutide, glycemic control improved rapidly, and this improvement persisted until the end of study in the groups given 1.2 and 1.8 mg liraglutide. This improvement was reflected in the reduction of mean glucose concentration in both higher-dose liraglutide groups, with reduction in glycemic variability only in the 1.2-mg group over the duration of the study. Percent time spent in hyperglycemia (.8.8 mmol/L, i.e., 160 mg/dL) decreased significantly in the 1.2-and 1.8-mg groups in association with a reduction in the dose of total and prandial insulin. There was an increase of 1% in hypoglycemia (both ,3.05 mmol/L, i.e., 55 mg/dl, and ,3.8 mmol/L, i.e., 70 mg/dL) in the 1.2-and 1.8-mg groups. There was higher incidence of mild gastrointestinal adverse events. There was no significant change in any of these indices in patients treated with the placebo or on 0.6 mg liraglutide.
Over the period of 12 weeks, HbA 1c fell significantly from baseline in the 1.2-and 1.8-mg groups. However, the decrease in the group on 1.8 mg was not significantly different from that in the placebo group. It is not clear why the magnitude of the fall in HbA 1c was greater in the 1.2-mg group than that in the 1.8-mg group. It is possible that the higher baseline HbA 1c in the 1.2-mg group may have contributed to this, since the magnitude of change in HbA 1c was shown to be related to baseline HbA 1c . This difference is intriguing, since other indices changed either equally or more in the group taking 1.8 mg liraglutide. It is possible that a 12-week study is not sufficient to stabilize HbA 1c levels. Furthermore, the reduction of 0.42% (4.6 mmol/mol) in HbA 1c in the 1.8-mg group was obtained in combination with 5 kg weight loss and a reduction in the insulin dose by 10 units (21%), while the body weight and insulin dose remain unchanged in the placebo group. Although the 1.2-mg group was heavier than the 1.8-mg group by 13 kg, the change in HbA 1c was not related to change in BMI. Large and longer-duration randomized clinical trials in overweight and obese patients with T1D with similar baseline body weight, insulin dose, and HbA 1c will clarify the heterogeneous HbA 1c response with two higher-dose liraglutide groups.
In addition, there was a reduction in body weight of 5 kg in the 1.2-and 1.8-mg groups in 12 weeks. Protein, fat, and total calorie intake were not measured, and this is a limitation of our study. Few patients may not have documented correctional carbohydrates consumed during hypoglycemia, but this will be true for all groups, and therefore bias resulting from this is likely to be small. However, they were asked to record their daily carbohydrate intake, which fell by 47 g in the 1.2-mg and 1.8-mg groups.
In the absence of b-cell function, there are three likely mechanisms that contribute to improved glycemia in these patients. Firstly, there was a reduction in the magnitude of postprandial increase of glucagon by 72% after 1.8 mg liraglutide and 47% after the 1.2-mg dose, consistent with the effect seen in patients with type 2 diabetes (12). Secondly, the reduction in carbohydrate intake by nearly one-third associated with appetite suppression induced by liraglutide contributed to the glycemic control. Thirdly, there may be an insulinsensitizing effect, which has recently been shown to occur in patients with T1D after the administration of exenatide, a GLP-1 receptor agonist (7), especially in association with weight loss.
There was a significant reduction in SBP in spite of an adequate blood pressure control at baseline. A mean reduction of 3 mm in the 1.8-mg liraglutide group occurred in spite of the reduction in the dose of ACE inhibitors and b-blockers in some patients. The fall in SBP is consistent with our original observation of such an effect with exenatide in type 2 diabetes (13) and with our recently published data on liraglutide in obese patients with T1D (3). It is important that this effect is not related to weight loss. It is possible that this effect is due to a direct action on the vasculature.
A recent 12-week randomized study in normal-weight patients with T1D with 1.2 mg liraglutide and a 24-week randomized study from the same group in overweight and obese patients with poorly controlled T1D with 1.8 mg liraglutide demonstrated significant reduction in body weight and insulin dose without any additional effect on HbA 1c compared with placebo (14, 15) . The latter study also demonstrated reduction in hypoglycemic events (15) . Novo Nordisk has withdrawn their intent to seek a regulatory indication for the use of liraglutide in T1D in view of no additional difference in HbA 1c in two large phase-3 trials despite weight loss and reduced insulin doses (16) . Considering the above in light of the results seen in our study, further research should be directed toward overweight and obese patients with T1D with a composite primary end point of change in HbA 1c , body weight, insulin dose, and possible reduction in hypoglycemia and also weigh the expense of the additional therapeutic intervention against these benefits. Whether patients newly diagnosed with T1D and/or patients with T1D with detectable C-peptide are more likely to benefit is also of interest.
Our study has some limitations. High frequency of gastrointestinal adverse effects can easily unmask who was likely to be on liraglutide. But this would be true for any randomized study of liraglutide with placebo or other comparator group that does not have gastrointestinal side effects. This is a single-center study with a relatively small sample size of only 72 patients randomized to four different groups for a short duration of 12 weeks, which is not sufficient for HbA 1c to stabilize to a new level. Nevertheless, it clearly shows that while the two higher doses have beneficial effects, the lowest dose of 0.6 mg is not likely to be effective in in patients with T1D. One of the strengths of our study is that we used CGM throughout the entire duration of the trial for 12 weeks. This allowed us to capture ;1% increase in percent time spent in hypoglycemia (both ,3.05 mmol/L, i.e., 55 mg/dL, and ,3.8 mmol/L, i.e., 70 mg/dL) in the 1.2-and 1.8-mg liraglutide groups despite unchanged incidence of hypoglycemia based on SMBG.
In conclusion, the two higher doses of liraglutide are effective in improving various indices of glycemic control, reducing postprandial glucagon increase, total insulin dose, carbohydrate intake, and body weight. Our study paves the way for larger multicenter clinical trials over longer periods in overweight and obese patients with T1D to establish the durability and consistency of effects of liraglutide in T1D.
